Molecular quantum similarity descriptors and Density Functional Theory (DFT) based reactivity descriptors were studied for a series of cholinesterase/monoamine oxidase inhibitors used for the Alzheimer's disease treatment (AD). This theoretical study is expected to shed some light onto some molecular aspects that could contribute to the knowledge of the molecular mechanics behind interactions of these molecules with acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE), as well as with monoamine oxidase (MAO) A and B. The Topogeometrical Superposition Algorithm to handle flexible molecules (TGSA-Flex) alignment method was used to solve the problem of the relative orientation in the quantum similarity (QS) field. Using the molecular quantum similarity (MQS) field and reactivity descriptors supported in the DFT was possible the quantification of the steric and electrostatic effects through of the Coulomb and Overlap quantitative convergence scales (alpha and beta). In addition, an analysis of reactivity indexes is development, using global and local descriptors, identifying the binding sites and selectivity in the (cholinesterase/monoamine oxidase) inhibitors, understanding the retrodonor process, and showing new insight for drugs design in a disease of difficult control as Alzheimer.
Introduction
Alzheimer's disease (AD) is considered a chronic disease with serious implication and many consequences. AD not only has enormous implications from the medical point of view but also has high economic costs and a negative impact on social activities within families and work places of the AD affected patients. AD is clinically characterized by progressive loss of memory and a decline in language skills and other cognitive impairments that inexorably leads to incapacitation and finally to death [1] [2] [3] [4] [5] [6] [7] .
AD is characterized by the development of amyloid plaques and congophilic angiopathy in the brain cortex and hippocampus; it has been accepted for long as the most important pathological feature in AD. These plaques consist of aggregated amyloid--peptide (A ) deposits, -protein aggregation, oxidative stress, dyshomeostasis of biometals, and low acetylcholine (ACh) levels and plays significant role in the pathophysiology of the disease [7] . Nowadays, the most used therapeutic treatment against AD involves the use of acetylcholinesterase inhibitors (AChEIs) that improve AD symptoms by AChE inhibition [8] [9] [10] [11] [12] . The reversible AChE inhibition has become the promising target for the treatment of AD which is mainly associated with low in vivo AChE levels. But due to the multifactorial nature of AD, researchers are nowadays focusing on the improvement of new curative strategies that could help to improve and enlarge their biological profile beyond their ability to act only as AChEIs. The multitargetdirected ligand (MTDL) approach has been investigated by many researches groups [13] [14] [15] [16] . For instance Bolea and coworkers recently have synthesized a multitarget-directed set of ligands with a variety of molecules acting on very diverse targets. Among these hybrid compounds, molecule 5 (see Table 1 ) is the most potent and promising multitarget inhibitor of this molecular set due to its dual inhibition either to AChE or BuChE in the same submicromolar level [13] . This new family of MTDL is able to interact with AChE and butyrylcholinesterase (BuChE) and with monoamine oxidase (MAO) and (Figure 1 ). These compounds have been designed using a conjunctive approach that combines the benzylpiperidine moiety of the AChE inhibitor donepezil and the indolyl propargylamino moiety of the MAO inhibitor N-[(5-benzyloxy-1-methyl-1H-indol-2-yl)methyl]-N-methylprop-2-yn-1-amine connected through a bond oligomethylene [13] .
This molecular set is likely to act in dual way in AChE inhibitors binding site. In fact the possibility of targeting either catalytic active site (CAS) or peripheral anionic site (PAS) of AChE depends on the length of the bond. The length of the tether that connects the two main structural fragments of the novel hybrids has a significant effect on the binding to MAO, whereas it seems to have slight impact on the inhibitory activity against AChE and BuChE [13] . The outcome obtained by Bolea et al. shows the relevant role played by the 1-benzylpiperidin-4-yl unit on the AChE inhibitory activity, suggesting that this moiety is the main factor in mediating the binding AChE [13] .
The experimental evidence in this study is supported by kinetic studies and theoretical molecular modeling. These two approaches support the dual binding site to AChE, which explains adequately the inhibitory effect exerted on A aggregation. The results found by Bolea et al. suggest that the new compounds are multitarget drug candidates with possibly high potential impact for AD therapy [13] . Due to the increases of the cases of AD among adult populations the paramount importance finds a single multitarget drug with an innovative therapeutic approach, in order to have a suitable treatment to help Alzheimer patients to improve their health conditions. The Bolea investigations have not shown evidence on the selectivity of the enzymes toward this particular molecular set, their affect, and why significantly the activity is decreased when a hydrogen atom was attached to the nitrogen atom of the indole ring and/or when the side chain was substituted by a CH 3 group [13] . However, the understanding of the factors that determine the exact nature of these interactions has not been found yet.
This study presents a theoretical investigation that could shed some light onto some molecular aspects that could contribute to the knowledge of the molecular mechanics behind interactions of these molecules with acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE), as well as with monoamino oxidase (MAO) and . All these issues Note: values are expressed as the mean ± standard error of the mean of at least three different experiments in quadruplicate [13] .
prompted us to wonder whether these questions could be answered or, at least, clarified by theoretical approach. First, one can hope that theoretical descriptors based on quantum similarity (QS) [17] [18] [19] [20] [21] [22] [23] [24] and the Density Functional Theory (DFT) [25] can be used to get insights into the factors determining exact nature of the biological activity and selectivity of cholinesterase/monoamine oxidase inhibition and its interactions or at least trends, as to what factors affect the structural properties of these inhibitors molecules.
In this study the so-called response functions of the system are used to perturbations in the electrons number or external potential, commonly referred to as atomic or molecular reactivity descriptors. For instance, electronic chemical potential ( ), electrophilicity ( ), hardness ( ), electronegativity ( ), and softness ( ) are examples of such reactivity descriptors [26] [27] [28] [29] [30] . These reactivity indexes are used commonly to understand chemical reactivity and molecular selectivity [31] [32] [33] [34] . These descriptors are supported on DFT [26] [27] [28] [29] [30] . In this work, the basic quantities to be addressed are hardness, electrophilicity, and chemical potential at the global level. A detailed discussion of these quantities can be found elsewhere (for detailed accounts see [26] [27] [28] [29] [30] ). The local property developed in this work is the Fukui Function (FF). FF typically is a function that describes the local role of a specific atom within a molecule [31] [32] [33] [34] . We also propose and seek a correlation and complementarity of reactivity descriptors with QS.
The similarity index concept was originally proposed from the perspective of quantum chemistry by Carbó and coworkers [17] [18] [19] [20] [21] [22] [23] [24] . Similarity concepts is an omnipresent concept that permeates almost every chemistry field and other scientific fields such as physics, biology, and biochemistry among others. From the similarity or dissimilarity concept it is possible to obtain vital information of molecular designers, who are molecular designers within the drugdevelopment context, and the molecular similarity formalism has been proved to be one of the most significant computational tools that can be used to supply novel design ideas in order to get new drugs. The present work is concerned with such methodology that is based on similarity indexes computed from molecular fields using Carbó approach [17] [18] [19] [20] [21] [22] [23] [24] .
Not long time ago the present authors have proposed a Quantitative Scales Convergence (QSC) [35, 36] . This study proposed quantitative concept of catecholamine allowing the definition of catecholamines as chemical group with the use of alpha and beta indexes which are used in the studies to quantify the transition state of the reaction paths Table 1 ) which is used for the molecular alignment. [37] [38] [39] and interpreted by the Cioslowski approach [40] . This study proposed a new interpretation of alpha and beta indexes to define the Overlap-QSC and Coulomb-QSC of dual cholinesterase/monoamine oxidase inhibitors for the Alzheimer Disease Treatment, reported by Bolea et al. [13] . In this sense, this study uses the alpha and beta indexes to quantify the hybrid nature of the compounds studied.
Molecular Design, Geometry Optimization, and Molecular Descriptors Calculations
The molecules analyzed and reported by Bolea and coworkers are shown in Table 1 [13] . These compounds were formed by hybridization of compounds 1 and 2 (see Figure 1 ).
Structures Alignment and Computational Details.
In the similarity field the molecular arrangement or alignment of the molecules has played a central role, because the indexes values of molecular quantum similarity (MQS) are strongly dependent on the alignment method considered. Due of this dependence have been proposed by many alignment methods. Ranging from those used in methods CoMFA and CoMSIA which are in three dimensions (3D) and allow obtaining of steric maps , electrostatic maps, and hydrophobic maps, among others, [41, 42] these methods have been proposed in order to find alignment pattern that yields the best results by molecular alignment. In this study the Topogeometrical Superposition Algorithm alignment method has been used to handle flexible molecules (TGSA-Flex) [43] . This method is based on the comparison of the types of atoms and distances between them and the recognition of the largest common substructure in the aligned molecules. These types of search algorithms constitute an important field of scientific interest [44] . In this work, however, we decided to superimpose the common fragment shown in Figure 1 , representing Compound 5 which is the most active molecules of this molecular set (Table 1) ; the common molecular fragment is highlighted in the structures of Table 1 .
Computational Details.
All molecular systems were optimized at the B3PW91 level [45] [46] [47] [48] [49] with the 6-31 G(d) [50] basis set using Gaussian 09 [51] . In addition the aminic nitrogen was not considered protonated, in order to study the binding interactions in neutral states in the context of the TGSA-Flex alignment; however the protonation effects can be associated from the computational point of view with molecular flexibility effects and in this sense we have applied the TGSA-Flex; this procedure is highly detailed and evaluated for set molecular: amino acids, nordihydroguaiaretic acid (NDGA) derivatives, HIV-1 protease inhibitors, and 1-[2-hydroxyethoxy)methyl]-6-(phenylthio) thymine (HEPT) derivatives, among others [43] . In addition, the TGSA-Flex was evaluated by means of parameters as computational time, number of superposed atoms (also comparing it with respect to the rigid approach), and index of fit between the compared structures by Gironés and Carbó-Dorca [43] . Therefore in this study the TGSA-Flex has been used to postulate scales alpha and beta of quantitative convergence, according to Morales-Bayuelo et al. [35, 36] .
Similarity Indexes.
A significant problem in chemistry and biochemistry is to determine the similarity of two molecules and . In order to measure the similarity between two molecules, Carbó-Dorca et al. [17, 24, 52] have introduced the concept of similarity index. They defined the QS measure between molecules and through the electronic density ( ) (Compound 5, Figure 2 ) and ( ) (molecular set) based on the idea of the minimizing of the expression for the distance as
In this equation is the Overlap integral, often called molecular quantum similarity measure (MQSM), between the electronic densities of the molecules and . and are called the molecular quantum self-similarity measures of molecules and [53] . In the (MQS) field, densities functions are considered as vectors and can be defined mathematically as
The Carbó index is limited to the range (0, 1], where = 1 means perfect similarity. 
When equals , the similarity measure ( ) in the (2).
Local Similarity Indexes (LSI)
The Hirshfeld Approach. In this study the use of the Hirshfeld approach for the quantification of Hybrid character IMAO/IAChe is postulated [13] . The Hirshfeld method was developed [55] , for the calculation of stockholders charge partitioning, and is a method widely used in the DFT [56, 57] ; this Hirshfeld approach in this study is used taking in account the holographic electron density theorem postulated by Mezey [58] . This Hirshfeld approach is based on the partioning of the electronic density ( ) of a molecule in contributions ( ). These contributions are proportional to the weight ( ) of the electronic density of the isolated molecule in the call promolecular density [59, 60] This weight is defined as the ratio of the electronic density of the isolated atom constructed from the superposition of the densities of all atoms isolated in the same position of the molecule ("the promolecular density"); this is obtained as
The contribution of atom (see Figure 2) , ( ) the electronic density ( ) is obtained as
whereby the weight ( ( )) is obtained as
where 0 ( ) is the electronic density of the isolated atom . Recently, the group Carbó-Dorca used the Hirshfeld partition to be able to express the overall (QS) index equation 2 at local level [59, 60] .
The contribution of Carbon atom ( ) in the molecule is given by
with
Equally to it is the contribution atomic of Carbon atom ( ) in the molecule (set molecular, Figure 1 ) which is obtained as
So we can write the contribution of the asymmetric Carbon atom ( + : ) products ( ) ( ) as
where
where ∑ 0 , ( ) is the total promolecular density overlay of the two molecules considered, so that we can express the numerator Carbó index (2) as
The global index is developed in (2) . In addition the Hirshfeld approach is deeply connected to molecular similarity as was stressed in the recent work of Mezey [58] .
Alpha and Beta Indexes Proposed. In order to create the (QSC) to quantify the nature of hybridization of IMAO/IAChe, Figure 1 [13] the alpha and beta indexes proposed by 6
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where , when = OI, represent the molecular quantum Overlap Index (OI), = CI represent the molecular quantum Coulomb Index (CI), and is the index (15) that has a range defined by the interval (0, 2) ; the values of these indexes are determined by lim → 0 , when alpha ( ) takes a value of zero which means that there is dissimilarity between and , and with and their self-similarity between the molecules (Compound 1) and (Compound 2), taking the value of 2 is because = = . We interpret this index as an index of correlation group, which allows us to justify the inhibitors character in this study. In (15) , the molecule represents compound 1, molecule represent compound 2, and molecule is the molecular set.
The second index used here [37] was the beta index which allows considerations of distances. This index is mathematically defined as
where , when = o is the distance of Overlap, for = C is the Distance of Coulomb; this has a range of convergence (−1, 1), when taking a negative value means that the molecule is more similar to the molecule with respect to the molecule , when taking the value of 1 means that the molecule is more similar to the molecule , with respect to the molecule , taking into account that the decrease in the distance increases the (QS).
Global and Local Reactivity Descriptors.
As a detailed presentation and discussion of the DFT based descriptors of the reactivity used in this paper can be found elsewhere [26] [27] [28] [29] [30] [61] [62] [63] [64] [65] [66] [67] [68] [69] , only the relevant expressions used for the evaluation of different quantities for hybrid compounds are given here. The global reactivity indexes can be obtained as
where is the chemical potential, is global hardness, and is the global softness. and represent the energies of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), respectively.
Using (16) and (17) it is possible determine the electrophilicity ( ) index, defined as
where is another global property and represents the stabilization energy of the system when it is saturated by electrons from the external environment. The descriptors expressed in (16)-(19) also are known as global system descriptors and depend on and ]( ) and they provide information on the reactivity and stability of a chemical system [26] [27] [28] [29] [30] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] . Local properties are obtained taking into account the variation of energy with respect to the external potential; this variations depend on the position ( ) and defined as a selectivity index.
However, in order to study selectivity and reactivity it is more advisable to use local reactivity descriptors. Within these we have the FF [31-34, 70, 71] which explain the selectivity of a region of a molecule and defined mathematically as
The FF is interpreted as the change of chemical potential given an external perturbation, or the variation of the electronic density function when the electrons number change. For the calculation of the FF ( + ) we used the condensed approach proposed by Yang and Mortier [72] , for the systems with and + 1 electrons:
with ( ) denoting the electronic population of atom of the system under study; these FF in the condensate orbital approximation model consider only the contribution of the frontier orbitals of an atom [73] :
representing the electronic populations on atom of the LUMO and HOMO orbitals, respectively.
Results and Discussion
In the Tables 2-5 the MQS indexes calculated with (14) are shown, in order to quantify the nature of hybridization IMAO/IAChe [13] [14] [15] [16] , proposed in this study.
The higher Overlap index values found in Table 2 are between the molecules 8 and 9 with a value of 0.8812, with a distance value of 2.4539 (Table 3 ). The lowest value using the Overlap index of similarity is obtained between the molecules 9 and 1 with a value of 0.4117, with a distance of 5.3077, in agreement with the experimental results (see Table 1 ). Journal of Theoretical Chemistry The most similar compound with respect to 5 (more active of set) is the compound 6 with an Overlap index value between them of 0.7291 and a distance of 3.7135. The methylene group additional to the compound 6 with respect to 5 increased the inhibitory potency against MAO-A and MAO-B by a factor of 2 and 63, respectively. Despite of the high similarity between these two molecules, they have different hybridization character as is depicted in Table 1 . The compound 5 has a selectivity eq BuChE/EeAChE value of 1.3 M whereas the compound 6 has a selectivity value of 3.8 M. Also, there is a more drastic contrast between these molecules, when the selectivity values of MAO-B/MAO-A are compared: 8.3 M for molecule 5 and a value of 260 M for molecule 6. In order to characterize the hybrid character of this molecular set from electronic point of view the index of Coulomb similarity was calculated (see Tables 4 and 5 ).
The higher Coulomb index value is found between the molecules 8 and 9 with a value of 0.9896 (see Table 4 ) despite of their differences in eqBuChE/EeACh and MAO-B/MAO-A inhibition with a distance of 8.7038 (Table 5 ). The lowest value is found between molecules 5 and 1 (Table 4 ) with a value of 0.7131 and a distance of 43.1555.
The similarity values (Tables 2-5 ) are used to calculate the alpha and beta indexes [35, 36] . The higher alphaOverlap ( O ) index value was 1.9963 to molecule 7. The lowest value found for alpha-Overlap ( O ) index was 1.9303 for compound 3. The O index is associated with the structural similarity of the compound of interest with respect to the compounds 1 and 2, respectively, which are responsible for the hybrid character. The higher value found for alphaCoulomb ( C ) index was 1.9544. The lowest value found for alpha-Coulomb ( C ) is 1.8523 to Compound 6. The alpha-Coulomb ( C ) index is associated with the electronic similarity of the compound of interest with respect to the compounds 1 and 2, respectively.
Compound 5 has an alpha-Overlap ( O ) index of 1.9824 and alpha-Coulomb ( C ) index of 1.8690. Taking into account that these similarity indexes values can be related with hybrid character of the molecules with some steric considerations determinated by electronic effects in the binding site, these values are consistent with the O : −0.2671 and C : −0.4364 values (see Table 6 ). Index is associated with the distances of Overlap and Coulomb, respectively, of the molecular set with respect to the compounds 1 and 2. In Figure 3 the values obtained using these (QSC) are shown . (15) and (16)).
Note, however, that the order obtained in both scales is not the same. In Figure 3 the molecule 3 has the lowest value of alpha-Overlap ( O ), whereas the molecule 3 has ( Figure 3 ) the higher value in the alpha-Coulomb scales ( C ). This denotes a possible dual inhibition from electronic perspective. The relationships found in this work allow quantifying the hybrid character of IMAO/IAChe (Figure 4 ) [13] .
As a result of invariance (self-similarity) of the system, we can define scales according to Barrow [74] . In this sense, the biological activity can be interpreted in terms of calculated self-similarity and related with hybrid character of these inhibitors. Taking into account that Coulomb index has the higher values, electronic properties of these molecules are analyzed from the chemical reactivity perspective, showing that the biological activity can be estimated using the alpha and beta indexes proposed ( Table 7) .
The chemical potential sequence outlined in Table 7 show that this compound is very stable, despite of their high inhibition activity (see Table 1 ); this can be rationalized with a high selectivity to eq BuChE/EeACh and moderate inhibition with respect to MAO. The FF turns out to be essential for estimating relative interaction of different sites in a molecule towards electrophilic or nucleophilic reagents. The FF can provide a firm explanation of the reactivity of these molecular set to characterize the reactivity sites from the local point of view.
The higher FF ( + ) value represents the probability for a nucleophilic attack ( Figure 5(b) ). The FF ( − ) values in the compound 5 indicate that the central ring of this molecule in special carbon 3 (C 3 ) is the most susceptible to be attacked by electrophilic species, whereas the ring of five members of the same molecule is most susceptible to be attacked by nucleophilic species. This means that the AChE inhibition and MAO is due to retrodonation on the central ring that allows the dual inhibition on cholinesterase. The MAO inhibition is determinated by steric and electronic effect. These can be characterized from the chemical point of view with the binding sites of inhibition and selectivity. In Figure 5 we can see that the retrodonor process is due to the C3, C4, C6, C8, O12, and N30 atoms for regions ( − ) (Figure 5(a) ) and C2, C3, C5, C6, C7, C8, and N30 atoms for regions ( + ) (Figure 5(b) ) for the more active molecule 5 that causes one electronic donation capacity quantified by the electrophilicity index (see Table 7 ) which allows the stabilization in the active site and postulate the retrodonor process by the C3, C6, C8, and CN30 ( Figure 5(a) ) atoms. However the molecular set studied is hybrid molecules that act as MAO-B inhibitors by virtue of the covalent bond formed by the propargylamino moiety with the Flavin Adenine Dinucleotide (FAD) cofactor and as ChE inhibitors by interaction at the catalytic site with the N-benzyl-cycloalkylamino moiety and at the peripheral site (PAS of AChE) with the heteroaromatic moiety [13, [75] [76] [77] [78] [79] [80] [81] . Therefore, retrodonation on the central ring might even take place but as an additional interaction.
Due to the hybrid character of the inhibitors studied determined by the combination of pharmacological and neuroprotective activities in a same molecule, by part of the cholinesterase inhibition is inhibits the cholinesterase preventing that destroy the acetylcholine released, producing as a consequence an increase in the concentration and duration of the effects of neurotransmitter and on the other hand blocking the action of the MAO enzyme [52] . The description from the point of view of mechanical inhibition requires a correct interpretation of the structures involved in the process, to postulate new methodologies as the one developed in this study to quantify the character inhibitor dual is of paramount importance (see Figure 4) ; in addition from the point of view of the chemical reactivity the interactions in the active site by retrodonor process quantified by the FF are shown which may be useful for design of new drugs with better selectivity, molecular recognition, and pharmacological activity for the AD [13-16, 82, 83 ].
Conclusions
From the whole of the results presented in this contribution, it can be concluded that through the use of MQS indexes such as Coulomb, Overlap, and their respective distances it is possible to quantify the electronic and steric effect that gives rise to QSC. These scales permit the stratification of the steric and electronic character. The main output of the similarity indexes alpha-Overlap ( O ) and alpha-Coulomb ( C ) calculations can be related with hybrid character of the molecules and with some steric considerations on the binding site, providing a tool to semiempirical quantum chemistry group that provides a clear correlation, defining groups of compounds isolated from a different way than has been done in the chemical literature (chemical series and functions), Figures 3 and 4 .
Topogeometrical Superposition Algorithm to handle flexible molecules (TGSA-Flex) was used as alignment method. This method provides a straightforward procedure to solve the problem of molecular relative orientation taking into account that the inhibitors considering can be protonated or deprotonated. It provides us with a tool to evaluate MQS and permitting association of the protonation process with molecular flexibility effects.
In fact, the interaction strength pattern of these molecules can be explained by the use of a series of reactivity descriptors such as chemical potential, electrophilicity, and Fukui Function. Moreover, a quantitative agreement of DFT calculations and expression derived has been put forward and provided insight into the ordering of the chemical potential and electrophilicity of the Bolea molecular set.
The Fukui outcome provided insight into the possible interaction of these molecules and gives explications about the AChE and MAO B inhibition that can be considered in terms of retrodonation interactions on the central ring, which helps the dual inhibition of cholinesterase. These mean that the MAO inhibition can be studied by steric and electronic effect. For example in the case of molecule 5 the FF show that the central ring of this molecule is favorable to nucleophilic and electrophilic attack postulating the retrodonation process on the central ring as an additional interaction in the stabilization of central site, providing new considerations about the bonding processes in such inhibitors. These properties obviously are modulated by their influence in the type of interactions that these molecules can undergo.
